Abstract: Grinding hardening (GH) is a common processing method and pre-stressed hardening grinding (PSHG) is presented combined with the advantages of grinding hardening and pre-stress grinding. In order to study their hardening and transformation mechanism, the paper carried on the GH and PSHG experiments. According to the results, the hardening mechanism in GH was reanalysed through the point of classical nucleation theory. And the coupling relationship of stress, temperature and microstructure in PSHG is studied as well. The study shows: the dislocation in the grinding area compensates the negative factors of cooling speed during GH, so the hardening effect is remarkable. In PSHG, the parent-phase-hardening and strain-inducing-phase-changing due to applying pre-stress have comprehensive effect on the martensitic phase transformation in the grinding process. The characteristic of microstructure in hardening layer can be controlled by applying different pre-stress in PSHG.
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Introduction
Grinding hardening (GH) is an important manufacturing technology which combines grinding and surface hardening. It uses the grinding heat directly to carry on thermal treatment on the surface of specimen and reduces the procedures of thermal treatment of work (Brinksmeier and Brockhoff, 1999) . Researchers generally considered the principle of GH is like this: massive grinding heat and the surface materials are heated quickly to the phase-transition temperature, then cools rapidly at the speed which is quicker than the critical cooling speed of martensite transformation, so martensite phase transformation appears near the surface materials and the GH occurs (Xiu et al., 2007; Zhang et al., 2007; Menenzes et al., 2011; Slowinski and Nadolny, 2007) . However, the process of GH is not totally the same as thermal treatment and the principle is not so precise.
Pre-stressed hardening grinding (PSHG) is a new processing method which combines pre-stressed grinding and GH. Through applying pre-stress to the workpiece, it can get little residual tensile stress or residual compressive stress with the hardening layer (Ye et al., 2008) . So the fatigue strength of part is improved, the hardness and strength are also enhanced due to the hardening effect. During the PSHG process, the pre-stress, temperature and microstructure have a coupling mechanism. The pre-stress of the process has a great influence on the transformation mechanism of microstructure and by adjusting the grinding parameters, the feature of microstructure can be controlled. Researchers home and abroad have done some researches on the stress and strain's influence on microstructure under the condition of normal quenching, while the transformation mechanism in the state of GH have not been explored.
The hardening mechanism in GH and the coupling mechanism of stress, thermal and microstructure in PSHG all have a close relationship with the phase transformation. The article will analyse the typical process combining experiment result and the theory of metal thermal phase transformation.
GH and PSHG experiment
The experiment equipment and grinding wheel are shown as Table 1 . The material of the experiment is 40Cr.
The experiment specimen is processed especially. Its L × W × H is 50 mm × 10 mm × 20 mm. The grinding width is 10 mm.
The experiment takes different depth of cut and pre-stress and carries on GH. In order to get the temperature of austenitising easily, the experiment takes dry grinding, avoiding coolant taking away heat. The hardening effect of down-grinding is better than up-grinding, so the experiment takes down-grinding. In sum, the experiment conditions are determined and shown as Table 2 . Among the pre-stress of no. 6 is zero which represents the general GH. The process of the experiment is shown as Figure 1 . The pre-stress is a tension which is put in both ends of the specimen in advance. In the grinding process, the specimen is not only functioned by grinding wheel, but also by the tension. In the experiment, a pre-stress-applying fixture was designed. By applying certain torque on the screw, it applies pre-stress onto the specimen.
Simulation of temperature field
The transformation of microstructure and the material properties of 40Cr have a close relationship with temperature. So an ANSYS temperature field simulation was done in the experiment conditions. The simulation result can be regarded as grinding temperature approximately.
Because the pre-stress field has little effect on temperature field, the simple simulation result of temperature field can be regarded as the results of the one applied different pre-stress.
The simulation took parabolic heat source model. The tangential grinding force Ft of grinding wheel can be calculated by equation (Guo et al., 1999) : 
The heat-intensity q t in the grinding process is (Li and Zhao, 2003) :
The proportionality coefficient of grinding heat transmitted into specimen is 1 Li and Zhao, 2003) which can be calculated as 0.82 according to the value of the experiment. So the heat-intensity q w transmitted into the specimen is:
0.82
The main simulation parameters are listed in Table 3 . Grinding width b (mm) 10
Contacting arc length l g (mm) 7
Figure 2
The meshing result (see online version for colours)
The simulation chose SOLID70 which is 3D thermal entity and has eight thermal DOF. The size of simulation specimen is 20 mm × 22 mm × 10 mm. Take four times contacting arc length as the grinding simulation length. Meshing is shown as Figure 2 . There are 40 × 30 × 15 meshing units.
Hardening mechanism in GH
The hardening mechanism in GH are analysed combined with the classical nucleation theory of martensite. Olson and Cohen (1976) presented a nucleation of martensite which is based on dislocation. In the model, the theory believes that the first step of nucleation is from the face of parent face which has lots of dislocation. The dislocations can be calculated from defect existed. And in the next step, the nucleation in which the layer dislocation-face rotates. The temperature variation of no. 6 workpiece (GH) in the surface material is shown as Figure 3 . It can obtain that the temperature can rise to 1,200ºC which has surpassed the anstenitising temperature and drops to martensite temperature at a speed quick enough (about 350/ºC/s). It satisfies the ordinary quenching condition that the cooling rate is larger than 200ºC/s (Eda et al., 1993) . And hardening effect appears in the surface layer. However, GH also has something different from ordinary quenching. The grains of wheel have cutting and impacting effect to the materials in the grinding process. Lots of dislocations and plastic deformation appear in the contacting area. These dislocations contribute to the nucleation of martensite according to the classical nucleation theory. Thus, it enhances the hardening effect in the grinding process. So the mechanism of GH is the comprehensive result of thermal quenching and the additional effect. 
Hardness results and analysis of PSHG
THV-5 Vickers hardness tester is used to measure the hardness of workpiece. The results are listed in Table 4 . The hardness variation along with depth of cut is shown as Figure 4 . It can be seen that the hardness becomes big with the increasing of depth of cut. The hardness variation along with the pre-stress is shown as Figure 5 . The hardness increases firstly and then decreases with the increasing of pre-stress. It is because the pre-stress has double effect on the formation of martensite in the process. When it is less than 100 MPa, the pre-stress promotes phase transformation. While it surpasses 100 MPa, the pre-stress restrains the formation of martensite. 
Microstructure and hardening mechanism of PSHG
The metallographical micrographs were observed with OLYMPUS GX71 inverted metalloscope. The matrix and the microstructure before grinding are shown in Figure 6 . It mainly consists of pearlite and ferrite. The hardening layer enlarged 500 times after grinding is shown as Figure 7 . It mainly consists of martensite. The metallographic figures enlarged 50 times of no. 2 to no. 6 are shown in Figure 8 . It can be seen that obvious hardening layer forms in the microstructure. Lots of martensite form in the surface layer and then there is hardening effect. The variations of the thickness of hardening layer are the same as the variations of hardness. They all depend on the level of martensite phase transformation. With the increasing of a p , more materials are cut off and more energy is generated during the process. Higher temperature make more martensite comes into being. It shows that the bigger hardness and thicker hardening layer in macro. The thickness of each hardening layer has the same variation as the hardness. It is because the pre-stress has double effect on the formation of martensite in the process. When it is less than 100 MPa, the pre-stress promotes phase transformation. While it surpasses 100 MPa, the pre-stress restrains the formation of martensite.
The pre-stress has two opposite effects in the situation. Material has plastic deformation in the stretch function of the pre-stress in the high temperature. According to the classical nucleation theory of martensite, lots of dislocation in the plastic deformation contributes to the phase transformation (Olson and Cohen, 1976) . The phenomenon is strain-inducing-phase-changing. And the other parent-phase-hardening due to the plastic deformation in the grinding area has the hindering effect to the phase transformation (Xiu et al., 2009; Dominguez and Sevostianov, 2011) . The comprehensive effect of the two factors is the actual result in the PSHG. When the pre-stress is less than 100 MPa, the former plays a leading role. And when it surpasses 100 MPa, the latter plays a leading role.
Measurement and variation rules of residual stress
The measurement of residual stress used hole drilling method. ASM2-3-X knob detector was used here. It pastes strain gage on the surface of specimen and drills the centre of strain gage. After the residual stress is released, the strain changing can be tested by the detector. Based on its calculation, the residual stress of surface is measured. The detector and the measurement process are shown as Figure 11 and Figure 12 . The measurement results are shown as Table 6 . Residual stress variation with the pre-stress is shown as Figure 13 . 
Figure 13
Residual stress variation with the pre-stress (see online version for colours)
It can be seen the compressive residual stress increases with the increasing of pre-stress. This is because the surface layer has plastic deformation due to the impact of abrasive grains and grinding heat which cannot restore. But the inner layer just has elastic deformation due to the pre-stress and it can restore after pre-stress is unloaded. Then the constraint effect to the surface will cause compressive residual stress within it to counteract the tensile residual stress which is caused by heating effect (Choi, 2009; Duscha et al., 2011) . At last, its comprehensive result shows a compressive residual stress. And the larger pre-stress is the more obvious stretching effect it is and the bigger compressive residual stress it is.
Comparison between GH and PSHG
The pre-stress of no. 6 specimen is zero and it can represent the GH. The other groups of specimen all have different pre-stress. They belong to the PSHG. The residual stresses of GH and PSHG are compared. It can be seen that the compressive residual stress of PSHG is larger than GH. The reason is the same as the one that is shown in the variation with the pre-stress. The increasing of compressive residual stress by PSHG benefits for the anti-fatigue property.
The hardness and microstructure of GH and PSHG are compared. It can be seen that the hardening effect of PSHG is larger than GH, because the pre-stress can add extra energy to the martensite transformation. The energy compensates the free energy that the phase transformation needs.
Conclusions
1 The dislocation in the grinding area compensates the negative factors of cooling speed during GH, so the hardening effect is remarkable.
2 In PSHG, the surface layer not only obtains hardening effect, but also shows larger compressive residual stress compared with GH.
3 The parent-phase-hardening and strain-inducing-phase-changing due to applying pre-stress have comprehensive effect on the martensitic phase transformation in the grinding process. The characteristic of microstructure in hardening layer can be controlled by applying different pre-stress in PSHG.
4 The pre-stress in the PSHG promotes the hardening effect compared with GH.
